Xanthine oxidoreductase exists in two funaionally distinct forms. Under normal conditions, the larger part of the enzyme occurs as an NAD+-dependent dehydrogenase form which produces NADH and urate. The dehydrogenase can be transformed under various (patho)physiological conditions to an oxygen-dependent oxidase form which produces oxygen radicals andlor hydrogen peroxide and urate. Tetrazolium salts are used to demonstrate the total activity of both the dehydrogenase and the oxidase form of the enzyme. We have developed a procedure to detect the oxidase form only in d i e d cryostat sections with the use of cerium on the basis of the semipermeable membrane technique. The incubation medium contained hypoxanthine as substrate, cerium ions, and sodium azide to inhibit catalase and peroxidase activity. In a second-step reaction, diaminobenzidine was polymerized in the presence of cobalt ions by decomposition of cerium perhydroxide. Large amounts of final reaction product were found in milk droplets in the acini
Introduction
Xanthine oxidoreductase exists in two functionally distinct forms. An NAD+-dependent dehydrogenase (D-form; EC.1.1.1.204) produces NADH and urate. The dehydrogenase can be transformed to an oxygen-dependent oxidase (0-form; EC.1.2.3.2) which produces oxygen radicals andlor hydrogen peroxide and urate. This conversion occurs under various (patho)physiological conditions, including proteolysis (31), incubation of tissue at 37°C (34) , and ischemia (10). Under normal conditions, the oxidase form occurs in substantial amounts only in lactating mammary glands, producing reactive oxygen species that probably serve as a bactericidal agent (6). The dehydrogenase form is present in cells to produce urate Correspondence to: Dr. W.M. Frederiks of lactating bovine mammary gland, whereas milk-secreting epithelial cells contained hardly any final reaction product. In rat duodenum, enzyme activity was found in the cytoplasm of enterocytes and goblet cells but not in the mucus. Control reactions performed in the absence of substrate or in the presence of substrate and allopurinol, a specific inhibitor of xanthine oxidase, were completely negative in both tissues, with the exception of polymorphonuclear leukocytes in the lamina propria of duodenum. The positive nonspecific reaction in these cells was caused by myeloperoxidase activity. We conclude that the present method is specific for the detection of xanthine oxidase activity. Moreover, conversion of the dehydrogenase form into the oxidase form can be prevented by omission of chemical furation of the tissue in the present procedure. (JHistochem Cytochem 41: [667] [668] [669] [670] 1993) as an oxygen radical scavenger (1.20). Recently, Kooij et al. (21) introduced a tetrazolium salt method for detection of the total activity of both the dehydrogenase and the oxidase forms of xanthine oxidoreductase in unfixed cryostat sections. Molecules of only the xanthine oxidase form have been demonstrated with immunohistochemical procedures using antibodies raised against xanthine oxidase from milk (8, 18, 19) . Histochemical techniques that have been applied thus far to demonstrate the activity of the oxidase form only are based on the use of fixed tissues and cerium as capturing agent (2,9,14). Cerium-based methods to detect oxidase activity were introduced in histochemistry by Briggs et al. (7) for the localization of oxidases at the ultrastructural level by the formation of cerium perhydroxide. Angermuller and Fahimi (3,4) further developed the cerium-based methods for light microscopy by applying a second-step reaction to visualize cerium perhydroxide in the presence of diaminobenzidine and cobalt ions to obtain a blue-black final reaction product. Gossrau et al. (16) further enhanced the staining intensity by adding hydrogen peroxide to the second-step medium [for recent reviews on cerium-based methods see Robinson et al. (26) and Van Noorden and Frederiks (33) ]. The use of fixed material implies that conversion of the Dinto the 0-form of xanthine oxidoreductase may occur. Therefore, in the present study we have applied the cerium-based method to detect xanthine oxidase activity in unfiied cryostat sections. A semipermeable membrane was interposed between the sections and the gelled incubation medium to prevent leakage of any (soluble) enzyme from the sections (24) . Recently, we have applied semipermeable membranes to optimize the histochemical cerium-based method for the detection of D-amino acid oxidase activity in unfixed cryostat sections of rat h e r (12,25).
In the present work we studied the localization of xanthine oxidase activity with the use of cerium in lactating bovine mammary gland and rat small intestine, because high xanthine oxidase activity has been found biochemically in these tissues ( 5 . 1 3~8 ) .
Materials and Methods
Mammary gland tissue was obtained from lactating Freesian cows within 15 min after the animals were killed at the slaughterhouse. l h d e n u m was obtained from male Wistar rats weighing 200-250 g i"ediatelY after Incubations for the demonstration of xanthine oxidase activity were performed with the semipermeable membrane technique as described previously for D-amino acid oxidase (12.25). The incubation medium Contained 100-300 mM Tris-maleate buffer, pH 8.0. 10-30 mM cerium chloride. 100 mM sodium azide, and 0-10 mM hypoxanthine. The visualization step was performed by incubating sections for 30 min at 37°C in 100 mM sodium acetate buffer, pH 5.3, 42 mM cobalt chloride, 100 mM sodium azide, 1.4 mM diaminobenzidine, and 0.6 mM hydrogen peroxide (16).
Sodium azide was present in the incubation medium to block catalase andlor peroxidase activities using hydrogen peroxide as substrate. The effects of omitting sodium azide and replacement of sodium azide by 10 mM 3-aminotriazole on the amount of final reaction product after incubation for xanthine oxidase activity were studied. The effect of Superoxide dismutasc on the amount of final reaction product was investigated by applying a thin film of a solution of 50-500 IU superoxide dismutasc (bovine erythrocytes) (Bochringcr; Mannheim, Germany) in 10 pI distilled water between the section and the semipermeable membrane (11). Application ofsuperoxide dismutase may enhance the formation of cerium perhydroxide owing to the conversion of oxygen radicals into hydrogen peroxide, which is captured by cerium ions (7, 30) .
The specificity of the reaction was studied by incubating in the incubation medium in the absence of substrate or in the presence of substrate and 0.1-1 mM allopurinol, a specific inhibitor of xanthine oxidase (23) . Incubations were performed for 15. 30, and 60 min at 37°C. After the sccond incubation, the membrane-bound sections were thoroughly rinsed in distilled water, cut out, and embedded in glycerol jelly. Because ofthe rapid fading of final reaction product due to light and heat (17). photomicrographs of the sections were made immediately after incubation.
Results
Large amounts of final reaction product were generated in lactating bovine mammary gland and rat duodenum when unfixed cryostat sections were incubated for demonstration of xanthine oxidase activity. Optimal activity was found when the incubation medium contained 100 mM Tris-maleate buffer, pH 8.0, 10 mM cerium chloride, 100 mM sodium azide, and a hypoxanthine concentration of 0.5 mM. When sodium azide was omitted from the incubation medium or was replaced by aminotriazole no change in enzyme activity was observed. When the period of incubation was prolonged from 15 up to 60 min, increasing amounts of final reaction product were found.
In bovine mammary gland, xanthine oxidase activity was mainly found in milk globules. A much lower activity was present in secreting acinar cells (Figure 1) . In rat duodenum, villous epithelial cells contained activity, but not the epithelial cells in the crypts. Activity was localized throughout the cytoplasm of enterocytes and goblet cells, whereas the mucus in the goblet cells showed hardly any activity (Figure 2) . The layers of the intestinal wall underneath the epithelial lining did not show activity, with the exception of scattered cells in the lamina propria. Final reaction product was not found in cryostat sections of both tissues after incubations in the absence of substrate, or in the presence of substrate and allopurinol, except in scattered cells of the lamina propria of rat duodenum (Figure 3) .
Addition of superoxide dismutase had virtually no effect on the amount or localization of final reaction product in both tissues after incubation for xanthine oxidase activity.
Discussion
We have shown in the present study that activity of the 0-form of xanthine oxidoreductase can be demonstrated specifically when cerium ions are used as capture reagent in the first reaction step and diaminobenzidine, cobalt ions, and hydrogen peroxide in the second visualization step. The use of unfixed sections ensures a reflection of the in vivo enzyme activity (32) , and a semipermeable -. membrane prevents leakage of soluble enzymes from the unfixed cryostat sections into the incubation medium (24) . The method appeared to be specific because final reaction product was not found in any cell type in either bovine mammary gland or rat duodenum, with the exception of polymorphonuclear leukocytes in the lamina propria of duodenum after incubation in the absence of hypoxanthine or in the presence of allopurinol, a specific inhibitor of xanthine oxidase activity. The formation of final reaction product in polymorphonuclear leukocytes is nonspecific and is due to myeloperoxidase activity, which cannot be inhibited by 100 mM sodium azide (27) . The absence of any effect on enzyme activity of omitting sodium azide from the incubation medium indicates that endogenous catalase and/or peroxidase activities do not interfere under the incubation conditions used. Because addition of superoxide dismutase did not enhance generation of the final reaction product, it can be concluded either that endogenous superoxide dismutase activity was high enough to effectively convert all oxygen radicals produced by xanthine oxidase into hydrogen peroxide or that hydrogen peroxide was produced immediately by xanthine oxidase (13).
The presence of high xanthine oxidase activity in milk globules and lower activity in epithelial cells of lactating mammary gland is in agreement with data reported in the literature. Kooij et al. (21) showed that the total activity of the D-and the 0-form ofxanthine oxidoreductase was mainly localized in milk globules, whereas Jarasch et al. (19) reported that xanthine oxidase molecules as detected immunohistochemically were found mainly in lipid globules as well. The high activity we have found in the cytoplasm of epithelial cells in rat duodenum is in agreement with results of Gossrau et al. (15) obtained in fixed cryostat sections with cerium in an aqueous incubation medium. Our findings do not confirm the immunohistochemical data of Jarasch et al. (18), who could detect the enzyme only in endothelial cells of bovine small intestine but not in epithelial cells. Kooij et al. (21) demonstrated the presence of total activity of xanthine oxidoreductase in endothelial cells of capillaries in the lamina propria and in epithelial cells of rat duodenum, including the mucus of goblet cells. Therefore, it can be concluded that only the D-form exists in mucus of goblet cells as well as in vascular endothelial cells in the lamina propria. The findings ofJarasch et al. (18) in bovine intestine may be explained by the fact that another species was used, because Kooij et al. (20.22) found large differences in distribution patterns of xanthine oxidoreductase in many tissues of human and rat. Another explanation of the different findings ofJarasch et al. (18) might be that antibodies had been raised against different (iso)enzyme molecules.
In conclusion, a valid and specific method has been described to detect xanthine oxidase activity in situ in unfixed tissue. In combination with the tetrazolium salt method, which demonstrates both the D-and the 0-form of xanthine oxidoreductase, the cerium method to detect xanthine oxidase activity only enables the analysis oi the role of the two forms of xanthine oxidoreductase in tissues under various (patho)physiological conditions. Moreover, the present procedure can be applied to detect the localization of xanthine oxidase activity at the ultrastructural level, according to a recent report on D-amino acid oxidase (29) . 6.
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